INTRODUCTION {#S1}
============

Since adult human cardiomyocytes are essentially post-mitotic, the ability to differentiate cardiomyocytes from human embryonic and induced pluripotent stem cells (hESC and hiPSC, respectively)^[@R1]--[@R4]^ represents an exceptional opportunity to create *in vitro* models of healthy and diseased human cardiac tissues that can also be patient specific^[@R5]^ and useful in screening new therapeutic agents efficacy. However, differentiated cells display a low degree of maturation^[@R6]^ and are significantly different from adult cardiomyocytes.

hESC-derived cardiomyocytes display immature sarcomere structure characterized by the absence of H zones, I bands and M lines (embryoid bodies (EBs) day 40 (ref.^[@R7]^)), high proliferation rates (\~17%, EBs day 37 (ref.^[@R8]^), \~10%, EBs day 21--35 (ref.^[@R7]^)), immature action potentials^[@R9]^ and Ca^2+^ handling properties^[@R9]--[@R13]^ with contraction shown to be, in many cases, dependent on trans-sarcolemmal Ca^2+^ influx and not on sarcoplasmic reticulum Ca^2+^ release^[@R10]^. hESC-based engineered cardiac tissues also display immature characteristics, including immature sarcomere structure^[@R14]^, high proliferation rates (15--45%^[@R14]^, 10--30%^[@R15]^) and expression of the fetal gene program^[@R16]--[@R18]^. This is an important caveat when utilizing these cells as models of adult human tissue^[@R6]^.

During embryonic development, cardiac cells are exposed to environmental cues such as extracellular matrix (ECM), soluble factors, mechanical signals, and electrical fields that may determine the emergence of spatial patterns and aid in tissue morphogenesis^[@R19],[@R20]^. Exogenously applied electrical stimulation has also been shown to influence cell behavior^[@R21]--[@R23]^.

We have created a new platform that combines architectural and electrical cues to generate a microenvironment conducive to maturation of three-dimensional (3D) hESC- and hiPSC-derived cardiac tissues, termed biowires. Cells were seeded in collagen gel around a template suture in a microfabricated well and subjected to electrical field stimulation of progressive frequency increase. Consistent with maturation, stimulated biowires exhibited cardiomyocytes with a remarkable degree of ultrastructural organization, improved conduction velocity and enhanced Ca^2+^ handling and electrophysiological properties.

RESULTS {#S2}
=======

Engineering of human cardiac biowires {#S3}
-------------------------------------

hPSC-cardiomyocytes and supporting cells obtained from directed differentiation protocols were used to generate 3D, self-assembled cardiac biowires by cell seeding into a template polydimethylsiloxane (PDMS) channel, around a sterile surgical suture in type I collagen gels ([Fig. 1](#F1){ref-type="fig"}, [Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). Seeded cells remodeled and contracted the collagen gel matrix during the first week ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}) with \~40% gel compaction ([Fig. 1b](#F1){ref-type="fig"}, final width \~600 μm). This allowed biowire removal from PDMS template ([Supplementary Fig. 1a,b](#SD1){ref-type="supplementary-material"}).

Histology revealed cell alignment along the axis of the suture ([Fig. 1c](#F1){ref-type="fig"}, [Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}). Biowires beat synchronously and spontaneously between 2 and 3 days post-seeding and kept beating after gel compaction, demonstrating that the setup enabled electromechanical cell coupling ([Supplementary Video 1](#SD1){ref-type="supplementary-material"}). Biowires could be electrically paced and responded to physiological agonists such as epinephrine (β-adrenergic stimulation) by increasing spontaneous beating frequency ([Fig. 1d](#F1){ref-type="fig"}).

After pre-culture for 1 week, biowires were either submitted to electrical field stimulation or cultured without stimulation (non-stimulated controls) for 7 days. We utilized two different protocols where stimulation rate was progressively and daily increased from 1 to 3 Hz ([Fig. 1e](#F1){ref-type="fig"}, Low frequency ramp-up regimen, referred to as low frequency or 3 Hz from here on) or from 1 to 6 Hz ([Fig. 1f](#F1){ref-type="fig"}, High frequency ramp-up regimen, referred to as high frequency or 6 Hz from here on) to assess whether effects were dependent on stimulation rate.

Physiological hypertrophy in stimulated biowires {#S4}
------------------------------------------------

After 2 weeks in culture, immunostaining demonstrated that cells throughout the biowires strongly expressed cardiac contractile proteins sarcomeric α-actinin, actin and cardiac Troponin T ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. 2 and 3](#SD1){ref-type="supplementary-material"}). Sarcomeric banding of the contractile apparatus ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. 1d, 2a and 3](#SD1){ref-type="supplementary-material"}) and myofibrillar alignment along the suture axis was qualitatively similar to the structure of adult heart^[@R22]^. Biowires kept in culture for 3 and 4 weeks maintained cell alignment and their contractile apparatus structure as evidenced by confocal and transmission electron microscopy ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

Early in cardiac development, cardiomyocytes are round shaped cells differentiating into rod-shaped phenotype after birth^[@R24]^. Adult human cardiomyocytes display a structurally rigid architecture, retaining a rod-like shape^[@R25]^ immediately after dissociation while hESC-cardiomyocytes remain round. We dissociated age matched EBs (EBd34) and biowires and seeded the cells into Matrigel-coated plates ([Fig. 1g](#F1){ref-type="fig"}). While \~80% of cardiomyocytes from EBd34 displayed a round phenotype, this number was significantly lower (\~50% less) in electrically stimulated samples ([Fig. 2b](#F2){ref-type="fig"}). Percentage of rod-like cardiomyocytes was significantly higher (\~4 fold) in electrically stimulated biowires ([Fig. 2b](#F2){ref-type="fig"}, [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}) as compared to EBd34.

During development, cardiomyocytes undergo physiological hypertrophy characterized by increased cell size followed by changes in sarcomere structure and downregulation of fetal genes^[@R26]^. There was a significant increase in cardiomyocyte size (area of plated cells) in biowire conditions compared to cardiomyocytes from age matched EBs (EBd34) ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}, EBd34 vs. CTRL *P* = 0.034; EBd34 vs. 3 Hz *P* = 0.003; EBd34 vs. 6 Hz regimen *P* = 0.01). Atrial natriuretic peptide (*NPPA*), brain natriuretic peptide (*NPPB*) and α-myosin heavy chain (*MYH6*) are molecules highly expressed in fetal cardiomyocytes and upregulated during pathological hypertrophy in diseased adult ventricular cardiomyocytes. Downregulation of the fetal cardiac gene program (*NPPA, NPPB, MYH6*) in hESC-derived cardiomyocyte biowires ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}), compared to age matched EBs, in concert with cell size increase, suggested physiological hypertrophy and a more mature phenotype. Potassium inwardly-rectifying channel gene (*KCNJ2*), that plays important roles in cell excitability and K^+^ homeostasis^[@R27]^, was upregulated compared to EBd34 ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

hESC-cardiomyocytes cultured in biowires also displayed lower proliferation rates than those in EBs ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}, EBd20 vs. EBd34, *P* = 0.002; EBd34 vs. CTRL, *P* = 0.019; EBd34 vs. 3 Hz, *P* = 0.016; EBd34 vs. 6 Hz, *P* = 0.015) and the percentage of cardiomyocytes in each condition remained unchanged after culture for 2 weeks (48.2 ± 10.7%, [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). Initial percentages of CD31 (2.4 ± 1.5%, endothelial cells^[@R28]^), CD90 (34.4 ± 23%, fibroblasts^[@R28]^), calponin (35 ± 22%, smooth muscle cells) or vimentin (80 ± 22%, non-myocytes) positive cells in EBd20 population, were largely maintained after biowire culture, suggesting that the observed improvements were not related to the induction of a particular cell type.

Maturation of contractile apparatus {#S5}
-----------------------------------

Cells in non-stimulated biowires displayed well-defined Z discs and myofibrils ([Fig. 2c](#F2){ref-type="fig"}; [Supplementary Fig. 2c and 3](#SD1){ref-type="supplementary-material"}) but no signs of Z disc alignment. In contrast, biowires stimulated under the high frequency regimen showed signs of maturation, such as organized sarcomeric banding with frequent myofibrils that converged and displayed aligned Z discs ([Fig. 2c](#F2){ref-type="fig"}, 6 Hz, [Supplementary Fig. 2c and 3](#SD1){ref-type="supplementary-material"}), numerous mitochondria ([Fig. 2c](#F2){ref-type="fig"}, 6 Hz; [Supplementary Fig. 2c and 3](#SD1){ref-type="supplementary-material"}) and desmosomes ([Fig. 2c](#F2){ref-type="fig"}). In the 6 Hz condition, mitochondria were positioned closer to the contractile apparatus than in control or 3 Hz conditions ([Fig. 2c](#F2){ref-type="fig"}, [Supplementary Fig. 2c and 3b](#SD1){ref-type="supplementary-material"}).

Electrically stimulated samples displayed a sarcomeric organization more compatible with mature cells than non-stimulated controls as shown by a significantly higher presence of H-zones per sarcomere ([Fig. 2d](#F2){ref-type="fig"}, CTRL vs. 6 Hz, *P* = 0.005; [Supplementary Fig. 2d](#SD1){ref-type="supplementary-material"}, CTRL vs. 6 Hz, *P* = 0.001) and I-bands per Z disc ([Fig. 2d](#F2){ref-type="fig"}, CTRL vs. 3 Hz, *P* = 0.01; CTRL vs. 6 Hz, *P* = 0.003; [Supplementary Fig. 2d](#SD1){ref-type="supplementary-material"}, CTRL vs. 6 Hz, *P* = 0.0004). Biowires stimulated at 6 Hz regimen also displayed a significantly higher number of desmosomes per membrane length than both non-stimulated controls and 3 Hz-stimulated biowires ([Fig. 2d](#F2){ref-type="fig"}, *P* = 0.0003). In hiPSC-derived cardiomyocyte biowires, areas with nascent intercalated discs were frequently seen ([Supplementary Fig. 2c and 3b](#SD1){ref-type="supplementary-material"}).

Functional assessment of engineered biowires {#S6}
--------------------------------------------

Electrical stimulation with the 6 Hz regimen significantly improved biowire's electrical properties, leading to a statistically significant reduction in the excitation threshold ([Fig. 3a](#F3){ref-type="fig"}, CTRL vs. 6 Hz, *P* = 0.03) and an increase in the maximum capture rate ([Fig. 3b](#F3){ref-type="fig"}, CTRL vs. 6 Hz, *P* = 0.022, [Supplementary Fig. 2 and 3](#SD1){ref-type="supplementary-material"}) as analyzed by point stimulation at the end of cultivation in conjunction with optical mapping of impulse propagation ([Supplementary Fig. 9a](#SD1){ref-type="supplementary-material"}, [Supplementary Videos 2--5](#SD1){ref-type="supplementary-material"}). Optical mapping demonstrated higher MCR with field stimulation (5.2 Hz) than with point stimulation (4 Hz) ([Supplementary Fig. 9b](#SD1){ref-type="supplementary-material"}, 5.2 Hz capture with intermittent capture at 6 Hz, [Supplementary Videos 6--9](#SD1){ref-type="supplementary-material"}). During field stimulation all cells received the stimulus at the same time and response was not limited by each cell's propagation limitations. Conduction velocity (CV), assessed upon point stimulation at the end of cultivation was \~40 and \~50% higher in the samples electrically stimulated during culture (3 Hz and 6 Hz, respectively), than non-stimulated controls ([Fig. 3c,d](#F3){ref-type="fig"}, CTRL vs. 3 Hz, *P* = 0.014; CTRL vs. 6 Hz, *P* = 0.011). Improvements in electrical properties (ET, MCR and CV) were more pronounced with the high frequency regimen compared to the low frequency one. Improvement in conduction velocity was found to be in direct correlation with the average number of desmosomes ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}, R^2^ = 0.8526), a molecular complex of cell-cell adhesion proteins.

Stimulation improves Ca^2+^ handling properties {#S7}
-----------------------------------------------

Either all^[@R10]^ or the majority^[@R12]^ of hESC-cardiomyocytes rely on sarcolemmal Ca^2+^ influx rather than on sarcoplasmic reticulum Ca^2+^ release for contraction, differing markedly from adult myocardium. We tested the effect of caffeine, an opener of sarcoplasmic reticulum Ryanodine channels, on cytosolic Ca^2+^ in single cells isolated from biowires ([Fig. 1g](#F1){ref-type="fig"}). In accordance with previous work^[@R10]^, none of the hESC-cardiomyocytes in non-stimulated controls were responsive to caffeine ([Fig. 4a](#F4){ref-type="fig"}), while electrically stimulated cells in both 3 and 6 Hz conditions responded to caffeine by inducing an increase in cytosolic Ca^2+^ ([Fig. 4b,c](#F4){ref-type="fig"}). Quantification of Ca^2+^ transient amplitudes showed that electrically stimulated cells displayed significantly higher amplitude intensity in response to caffeine than non-stimulated controls, in a stimulation frequency dependent manner ([Fig. 4d,e](#F4){ref-type="fig"}). Blockage of L-type Ca^2+^ channels in cells from 6 Hz biowires with either verapamil ([Fig. 4f](#F4){ref-type="fig"}) or nifedipine ([Fig. 4g](#F4){ref-type="fig"}) led, as expected in mature cells, to cessation in Ca^2+^ transients. Addition of caffeine post blockage of L-type Ca^2+^ channels led to Ca^2+^ release into the cytosol ([Fig. 4f,g](#F4){ref-type="fig"}). Blockage of the ion transport activity of sarcoplasmic reticulum Ca^2+^ ATPase (*SERCA*) by addition of thapsigargin ([Fig. 4h](#F4){ref-type="fig"}) lead to the cessation of calcium transients with time due to the depletion of Ca^2+^ from sarcoplasmic reticulum. Cardiomyocytes from 6 Hz condition also demonstrated a faster rising slope and time to peak, parameters that represent the kinetics of Ca^2+^ release into the cytosol, and faster τ-decay and time to base, parameters that represent the kinetics of clearance of Ca^2+^ from the cytosol ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Taken together, these data indicated that cardiac biowires that underwent the 6 Hz stimulation regimen during culture displayed Ca^2+^ handling properties compatible with functional sarcoplasmic reticulum.

Stimulation alters electrophysiological properties {#S8}
--------------------------------------------------

To assess maturity, we measured action potentials, hERG and I~K1~ currents11 in cardiomyocytes derived from biowires and EBs ([Fig. 5](#F5){ref-type="fig"}). hERG currents were larger (*P* = 0.0434) in 6 Hz-stimulated biowires (0.81 ± 0.09 pA/pF) than non-stimulated controls (0.52 ± 0.10 pA/pF) ([Fig. 5a](#F5){ref-type="fig"}) without differences in their biophysical properties ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). Cardiomyocytes from both biowire groups had higher hERG levels compared to those from EBs day 20 or 44 ([Fig. 5a](#F5){ref-type="fig"}). Similarly, I~K1~ densities were higher (*P* = 0.0406) in 6 Hz-biowires (1.53 ± 0.25 pA/pF, 6 Hz) than in controls (0.94 ± 0.14 pA/pF, CTRL) and I~K1~ levels in both biowire groups were higher (*P* = 0.0005) than those recorded in EB-derived cardiomyocytes ([Fig. 5b](#F5){ref-type="fig"}). Cell capacitance, a measure of cell size, showed higher (*P* = 0.0052) values in the 6 Hz-biowires (19.59 ± 1.41 pF; 6 Hz) compared to control biowires (14.23 ± 0.90 pF; CTRL) and smaller (*P* = 0.0041) capacitance in EB-derived cardiomyocytes ([Fig. 5c](#F5){ref-type="fig"}). Resting membrane potentials (V~rest~) of the cardiomyocytes from biowires were more negative (*P* \< 0.0001) than in EB-cardiomyocytes ([Fig. 5d](#F5){ref-type="fig"}). Interestingly, after correcting for the liquid junction potential which was \~16 mV, the values of V~rest~ recorded in biowire cardiomyocytes with the patch-clamp method were well below the equilibrium potential for Nernst potential for K^+^ (E~K~ = −96 mV) suggesting that hyperpolarizing currents, possibly those generated by the Na^+^ pump^[@R29],[@R30]^, strongly influenced V~rest~. Consistently, we found that the cardiomyocytes from biowires had a very low resting membrane conductance, which correlated (R = 0.5584, *P* \< 0.0001) with V~rest~, while I~K1~ currents exhibited negative correlations with V~rest~ (R = 0.2267, *P* = 0.0216, [Supplementary Fig. 12](#SD1){ref-type="supplementary-material"}). Maximum depolarization rates ([Fig. 5e](#F5){ref-type="fig"}) and peak voltages of the action potentials ([Fig. 5f](#F5){ref-type="fig"}) did not differ between the two biowire groups. However, both properties were improved compared to EBs (*P* = 0.5248 and *P* = 0.0488, respectively). Action potential durations were longer (*P* = 0.0021) with greater variation in EB-derived cardiomyocytes than biowire-derived cardiomyocytes ([Fig. 5g](#F5){ref-type="fig"}, [Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}), suggesting less electrophysiological diversity and more maturation in biowires. Automaticity was greater (*P* = 0.0414) in EB-derived cardiomyocytes compared to control biowires ([Fig. 5h](#F5){ref-type="fig"}), which was comparable to 6 Hz-stimulated biowires. Taken together, these results support the conclusion that biowires and electrical stimulation at the 6 Hz regimen promoted electrophysiological maturation.

DISCUSSION {#S9}
==========

Although electrical field stimulation was used previously with cells from primary sources and animal tissues^[@R22],[@R23]^, we showed here for the first time that the combination of geometric control of 3D tissue assembly and electrical stimulation of hPSC-derived cardiomyocytes and supporting cells improved electrical and ultrastructural properties of human cardiac tissue, resulting in cell maturation. The biowire suture remained anchored to the device platform during matrix remodeling, generating tension that resulted in cell alignment along the suture axis.

Normal human fetal heart rate varies significantly, being maintained at \~3 Hz for most of the time^[@R31]^ while the adult resting heart rate is \~1 Hz^[@R31]^. The rate change is associated with changes in contractile protein expression and suggests a possible dependence of cardiac maturation on stimulation rate. The fact that the progressive increase from 1 to 6 Hz was the best condition tested, was surprising since 3 Hz is the average fetal heart rate^[@R31]^. This could be a compensatory mechanism for the lack of other important cells types and cell-cell developmental guidance in the *in vitro* setting. Since field stimulation frequency was gradually increased over 7 days in culture, the 6 Hz group might only lose capture (exceed the rate of 5.2 Hz) at the very last day of stimulation. Therefore, it may be the stimulation at the highest possible rate, and not the rate per se, that is the governing cue for cardiomyocyte maturation *in vitro*.

Improved cell and myofilament structure in stimulated conditions, with clearly visible Z discs, H zones and I bands, correlated with better electrical properties of stimulated biowires such as lower ET, higher MCR, higher conduction velocity, improved electrophysiological and Ca^2+^ handling properties, and upregulation of potassium inwardly-rectifying channel gene (*KCNJ2*). Lack of M-lines and T-tubules, consistent with previous reports^[@R32],[@R33]^, indicated absence of terminal differentiation. Although there was a downregulation of structural proteins mRNA in biowires compared to EBs, no changes were observed in protein levels ([Supplementary Results](#SD1){ref-type="supplementary-material"}). Mechanical stimulation was reported to lead to a robust induction of structural proteins such as myosin heavy chain and induce proliferation of hPSC-derived cardiomyocytes^[@R14],[@R34]^, suggesting that electrical stimulation of biowire at 6 Hz did not simply provide a better mechanical stimulation environment. Previously, mechanical stimulation did not lead to electrophysiological maturation^[@R34]^. The use of electrical stimulation in conjunction with stretch as a mimic of cardiac load^[@R14]^, concurrently or sequentially, might be required to induce terminal differentiation in hPSC-derived cardiomyocytes and upregulate the expression of myofilament proteins. Other strategies might include cultivation in the presence of T3 thyroid hormone^[@R35]^, insulin like growth factor-1^[@R36]^, addition of laminin or native decellularized heart ECM into the hydrogel mixture^[@R37]^ and cultivation on stiffer substrates^[@R38],[@R39]^.

It is well accepted that some human stem cell lines are more cardiomyogenic than others^[@R12],[@R16]^ and these differences could also be related to the maturity of the produced cells. In previous reports^[@R10],[@R11],[@R40]^, many and usually most cells were irresponsive to caffeine at the end of differentiation. Therefore, differences in Ca^2+^ handling properties could also be due to cell line variability. Here, we demonstrated that within a given cell line, culture in biowires and electrical field stimulation enhanced Ca^2+^ handling properties of cardiomyocytes consistent with a functional sarcoplasmic reticulum.

Biowire cardiomyocytes were clearly more mature than cardiomyocytes obtained from EBd20 or EBd44, which showed a greater propensity for automaticity, more depolarized membrane potentials, reduced cell capacitance and less hERG and I~K1~ currents. The electrophysiological measurements of the EBd20 cardiomyocytes represented the cell properties prior to their incorporation into biowires, while EBd44 cardiomyocytes were cultured for periods slightly longer than the biowire culture time allowing assessment of the independent effect of culture time on maturation^54,11^. We acknowledge that the degree of biowire maturation is clearly incomplete, as evidenced by the relatively low membrane conductance. Nevertheless, it is intriguing to speculate that the combination of low membrane conductance with V~rest~ below E~K~ may represent an "intermediate" phenotype as cardiomyocytes undergo maturation from the embryonic state.

Correlating the properties of hPSC-cardiomyocytes in biowires with mouse or human development could be helpful to gauge maturation stage, however rodent cardiomyocytes are physiologically distinct and age-defined healthy human heart samples are scarce. Additionally, *in vitro* maturation might not be compatible with embryo development.

The small size (radius of \~300 μm) of biowire upon gel compaction was selected to be close to the diffusional limitations for oxygen supply to ensure that the biowires can be maintained in culture without perfusion. Addition of vascular cells will be imperative for improving survival and promoting integration with the host tissue in future *in vivo* studies^[@R14]^. We have now generated a unique platform that enables generation of human cardiac tissues of graded levels of maturation that can be used to determine, in future *in vivo* studies, the optimal maturation level that will result in the highest ability of cells to survive and integrate in adult hearts with the lowest side effects (e.g. arrhythmias).

In conclusion, cultivation in biowires 1) improved hESC-cardiomyocyte architecture and induced physiological hypertrophy, 2) induced sarcomere maturation and 3) improved electrophysiological properties in a stimulation frequency dependent manner, representing an important first step towards obtaining adult-like human cardiomyocytes.
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![Generation of human cardiac biowires. (**a**) Pre-culture of hESC-cardiomyocyte in biowire template for 7 days allowed cells to remodel the gel and contract around the suture. (**b**) Quantification of gel contraction demonstrated compaction of \~40% (average ± s.d., *n* = 3--4 wires). (**c**) Hematoxylin and Eosin (H&E) and Masson's Trichrome (MT) staining of biowire sections show cell alignment along the suture axis (arrows represent suture axis). (**d**) Optical mapping of impulse propagation. A representative picture (left) of a biowire being imaged with potentiometric fluorophore (DI-4-ANEPPS) showing the spontaneous electrical activity, with impulse propagation recording (left trace recording), response to electrical stimulation (middle trace recording, stimulation frequency is depicted in red trace below; electrical capture can be seen during stimulation along with associated change in morphology of action potential and positive baseline shift) and increase in frequency of spontaneous response under pharmacological stimulation (epinephrine, right trace recording). (**e**, **f**) Electrical stimulation regimens applied. Pre-cultured biowires were submitted to electrical stimulation at 3--4 V/cm for 1 week. (**e**) Electrical stimulation started at 1 Hz and was progressively increased to 3 Hz where it was kept for the remainder of the week (low frequency ramp-up stimulation regimen or 3 Hz). (**f**) Stimulation rate was progressively increased from 1 to 6 Hz (High frequency ramp-up stimulation regimen or 6 Hz). (**g**) At the end of the stimulation, biowires were assessed for functional, ultrastructural, cellular and molecular responses as depicted. (**a**--**d**) Illustrate results with Hes2 hESC-derived cardiomyocytes.](nihms3996f1){#F1}

![Culture in biowire in combination with electrical stimulation promoted physiological cell hypertrophy and improved cardiomyocyte phenotype. (**a**) Representative confocal images of non-stimulated (control) and electrically stimulated biowires (3 and 6 Hz ramp-up) showing cardiomyocyte alignment and frequent Z disks (arrows represent suture axis). Scale bar 20 μm. (**b**) Analysis of cardiomyocyte cell shape in different conditions reveals that biowires cultivated under electrical stimulation displayed significantly less round cells and more rod-like cells (average ± s.d., EBd34 vs. 3 Hz *P* = 0.01 for both rod and round like; EBd34 vs. 6 Hz *P* = 0.03 for both round and rod-like). (**c**) Ultrastructural analysis shows that electrical stimulation at 6 Hz induces cardiomyocyte self-organization. Representative images of non-stimulated (control) and electrically stimulated biowires showing sarcomere structure (Sarcomere panel, white bar; Z disks, black arrow; H zones, white arrows; m, mitochondria) and presence of desmosomes (Desmosomes panel, white arrows). Scale bar 1 μm. (**d**) Morphometric analysis (average ± s.d.) showing ratio of H zones to sarcomeres (CTRL vs. 6 Hz, *P* = 0.005) ratio of I bands to Z disks (CTRL vs. 3 Hz, *P* = 0.01; CTRL vs. 6 Hz, *P* = 0.003) and number of desmosomes per membrane length (CTRL vs. 6 Hz, *P* = 0.0003). \*denotes statistically significant difference between group and control. In normal adult cells the ratio of H zones to sarcomeres is 1 and of I bands to Z disks is 2. (**a**--**d**) Illustrate results with Hes2 hESC-derived cardiomyocytes. *n* = 3--4 per condition.](nihms3996f2){#F2}

![Functional assessment of engineered biowires demonstrated that electrical stimulation significantly improved electrical properties. Electrical stimulation improves (**a**) excitation threshold (CTRL vs. 6 Hz, *P* = 0.03, as measured by field stimulation and videomicroscopy), (**b**) maximum capture rate (CTRL vs. 6 Hz, *P* = 0.022, as measured by point stimulation and optical mapping) and (**c**) electrical impulse propagation rates (CTRL vs. 3 Hz, *P* = 0.014; CTRL vs. 6 Hz, *P* = 0.011, as measured by point stimulation and optical mapping). (**d**) Representative images of conduction velocity activation maps in biowires. \*denotes statistically significant difference between group and control. Heat map = 0 to 200 ms. Average ± s.d., *n* = 6--10 per condition. (**a**--**d**) Illustrate results with hESC-derived cardiomyocytes obtained from Hes2 cell line.](nihms3996f3){#F3}

![Electrical stimulation promoted improvement in Ca^2+^ handling properties. (**a**) Non-stimulated control cells did not respond to caffeine while cells from (**b**) 3 Hz ramp-up and (**c**) 6 Hz ramp-up protocols respond to caffeine by releasing more Ca^2+^ into the cytoplasm and depleting sarcoplasmic reticulum. (**d**) Caffeine-induced change of peak fluorescent intensity among different experimental groups (mean ± s.e.m. after normalizing the peak fluorescence intensity before administration of caffeine) (CTRL vs. 3 Hz, *P* = 1.1x10^−6^; CTRL vs. 6 Hz, *P* = 2.1 x10^−7^; 3 Hz vs. 6 Hz, *P* = 0.003; *n* = 8--10 per condition). (**e**) Representative fluorescence recording of Ca^2+^ transients before and after administration of caffeine at 5 mM (arrow) in 6 Hz stimulated cells. Inhibition of L-type Ca^2+^ channels with (**f**) verapamil or (**g**) nifedipine and blockage of SERCA channels with (**h**) thapsigargin in 6 Hz cells before addition of caffeine shows that cardiomyocytes stimulated with the 6 Hz regimen display Ca^2+^ handling properties compatible with functional sarcoplasmic reticulum. \*denotes statistically significant difference between group and control. ^\#^denotes statistically significant difference between 3 Hz and 6 Hz group. (**a**--**h**) Illustrate results with hESC-derived cardiomyocytes obtained from Hes2 cell line and represent measurements performed in single cell cardiomyocytes after dissociation from biowires.](nihms3996f4){#F4}

![Electrophysiological properties in single cell cardiomyocytes isolated from biowires or embryoid bodies and recorded with patch-clamp. Six Hz stimulated biowire (black), control biowire (white), EBd44 (red) and EBd20 (blue) are shown. (**a**) hERG tail current density, (**b**) I~K1~ current density measured at −100 mV, (**c**) cell capacitance, (**d**) resting membrane potential, (**e**) maximum depolarization rate of action potential, (**f**) action potential peak voltage, (**g**) action potential duration measured at 90% repolarization and (**h**) ratio of cells displaying spontaneous beating (automaticity) or no spontaneous beating (no automaticity). (**a**--**h**) Illustrate results with hESC-derived cardiomyocytes obtained from Hes2 cell line. Average ± s.e.m.](nihms3996f5){#F5}
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